Abstract-Fault diagnosis of induction machine can be achieved through wavelet packet analysis to acquire information about its stability and mutability. This paper presents an experimental evaluation of applying wavelet packet transform based on the sideband components, 1 2 , for broken rotor fault detection in induction machines. The wavelet-based method decomposes stator current signal into effective wavelet coefficients. It is shown that the root mean square (RMS) value of wavelet packet coefficients in special frequency bands collectively establishes a feature index. Once the broken rotor bar occurs, this index value increases to distinguish healthy and faulty mode of induction motor as well as fault severity. Additionally, we investigate the left sideband around the fundamental frequency (50 , (1 2 , which specifically represents the stator current spectrum of the machine when a rotor bar breakage takes place. An induction motor with one and two bar breakage at 35%, 50% and 80% of full load are investigated. The experimental tests indicate good reliability of different frequency resolution for same frequency component.
INTRODUCTION
As the backbone of the present industrial plants, electrical machines facilitate industrial tasks and productions. In spite of the robustness and well-constructed, induction motors (IMs) are inherent to unavoidable electrical, mechanical and environmental stresses. Among various failures occurred in different parts of machine, the presence of broken rotor bars is of importance due to make subsequent malfunctions to happen that lead to torque reduction, inconsistent motor operation and safety concerns [1] . Accordingly, early fault detection may reduce maintenance expenses and prevent high cost and unscheduled downtimes. Any inconsistency or irregularity in the machine can be diagnosed at an early stage by applying an appropriate procedure based on sensitive spectrum analysis for identifying faults signature and its severity [2] .
For a healthy IM, the current contains a single component at the supply. For faulty mode, sequence of sidebands namely 1 2 around the fundamental component give rise in the stator current spectrum of the machine when a rotor bar breakage takes place. The stator current of induction machines is non-stationary by nature which depends on operational situation. Therefore, wavelet transform, the most popular method for analyzing nonstationary signal, is introduced to detect localized impulses. Among them, wavelet packet analysis (WPA) is a more detailed representation way to extract fault signature. This approach imparts the signal into different frequency bandwidths to effectively extract the contained impulse and failure features. Moreover, the wavelet packet coefficients have many applications in different fields such as signal compression, noise removal and fault feature extraction [4] - [7] . This paper examines the use of wavelet packet decomposition to analyze the stator current and then choose the most appropriate feature coefficients to detect the extent of broken rotor bar in different operating condition.
II. WPD AND FEATURE EXTRACTION

A. The principle of Wavelet packet decomposition
Wavelet decomposition analysis was first presented in 1995 to detect rotor bar breakage in induction motors [8] . In order to detect short transients superimposed on the fundamental frequency, a detailed representation of the signal is required. The wavelet packet transform (WPT) is a direct expansion of discrete wavelet transform (DWT) where the details as well as approximation are split up. This tree algorithm is a full binary tree that offers rich possibilities for signal processing and better signal representation in comparison to discrete one. Wavelet packet atoms have three naturally interpreted indices in time-frequency function: W , 2 W 2 t k , n 1,2,3, … where integers j, k and n are called the scale, translation and modulation, respectively. Wavelet analysis by scaled filter h(n) is related to scaling function Φ(t), and the wavelet filter g(n) related to the wavelet function ψ(t). The conjugate mirror filters h and g with finite impulse responses (FIR) of size k can define the fast binary WPD algorithm of signal, f (t) [9] , [10] .
The wavelet packet component signals are stated by combination of wavelet packet functions , as follows:
Where the wavelet packet coefficients , are calculated by:
, ,
As data sets of wavelet packet coefficients increase in size, the energy principle is applied to current signals after WPT for fault locations estimation [11] . Furthermore, one of the challenges in wavelet-based techniques is the selection of a mother wavelet function due to direct relation of wavelet coefficients and the shape of the mother wavelet. In machine condition monitoring, Daubechies family functions are often selected for signal analysis. Thus their compactly supported orthonormal characteristic of Daubechies mother wavelet make wavelet packet analysis more practical [12] .
B. Feature extraction of fault conditions using wavelet packet coefficients
In order to propose a quantitative diagnostic and detection of broken rotor bars in induction machines, a more accurate and higher frequency-resolution is required. Among wavelets approach, WPD generates a table of coefficients for various depths and nodes. To evaluate the energy of different harmonic coefficients distribute in certain depths and nodes of wavelet packet decomposition, we can decompose the stator current and figure out the RMS value of WPD coefficients for depth j and node k as [13] :
Where N is the number of WPD coefficients. However, this method is only calculated for the additional stator currents at frequency 1 2 which are generally considered as the consequence of speed oscillation and saturation phenomena [3] . In this paper, the left sideband components, 1 2 , is specifically accounted for broken rotor bar. As depicted in Table II , wavelet packet tool box in MATLAB is used to compute the coefficients of the determined level of decomposition. In the following step, Daubechies 44 is used as mother wavelet because higher order of Daubechies wavelets lead to regularly shaped components and reduce the overlapping between bands [14] (see Fig.1 ). Although with the higher vanishing moment, the frequency response get closer to the ideal state, practically, each band will contain its neighbored band components after convoluting the coefficients with the filters [10] . To examine our findings, the induction machine was coupled to a generator as a load as shown in Fig 2. To force a real bar breakage in the rotor, a hole is drilled artificially. The characteristics of the test motor are listed in Table I [1]. The current signal from one phase of motor for healthy and faulty conditions under different levels of load with one and two broken rotor bars is used to examine the reliability of wavelet packet transform analysis. Before data analysis, the raw signal of the stator current was preprocessed using synchronized starting origin with phase zero. The signal is then broken up to tenth resolution by wavelet tool box in MATLAB. 1024 subspaces and frequency intervals of each can be calculated by [15] ,
Where f is sampling frequency, in this work a number of samples is 40 point per cycle for 50 cycles. In this paper, the RMS value of wavelet packet coefficients is considered as an index to detect broken rotor bar fault. First, the proper frequency bands of stator current have been selected based on MCSA (motor current signature analysis). Then, by running WPD method, and Daubechies 44 as an appropriate wavelet function, the feature coefficients related to BRB are analyzed. The obvious distribution and differences of the magnitude of coefficients is reflected by the RMS value. Table II , III, and IV summarizes the mean values of the feature coefficients based on 10 samples of healthy conditions, 10 sample of one broken bar and 10 samples of two broken bars for 35%, 50% and 80% of the full load, respectively. The result shows a clear increase in mean values of one and two broken bars with respect to the healthy state. However, the different nodes and depths can demonstrate the statistical characteristic for different load conditions. For example, feature coefficients at depth 8 node 12, depth 9 node 24 , and depth 10 nodes 48 and 49 are illustrated for low load conditions.Therefore, the different frequency resolution can demonstrate same frequency component.However, As the decomposition tree of the WPT in Fig 3 represents , in practice, some harmonics of low-frequency can be presented by the node which belongs to the adjacent high-frequency and viceversa. To address the distortion of the WPA coefficients, the sum of two neighbored components could be a useful way to quantify the fault severity, especially in the case of low load 1-broken bar which its sideband frequency is very close to cutoff frequency. For instance, at Depth 10 node 48 and 49, with [48] [49] , [49] [50] subband frequencies in which its left sideband is 49.08, is really close to cut off frequency (49Hz) ( Table II) . In this work, severity of broken rotor bar in squirrel cage induction motor is observed by WPD (Fig. 4) . The detection is based on the analysis of the 1 2 frequency next to the fundamental components. The wavelet packet feature coefficients are calculated for 35%, 50% and 80% of full load torques. The amplitude at definite sub bands are compared distinctive from healthy mode with respect to one and two broken rotor bars. In comparison to DWT, wavelet packet analysis offers a richer diagnosis with detailed representation of interest. As it is expected the occurrence of broken rotor bar fault is close to fundamental frequency, this method address supply frequency spectrum leakage through 1Hz bandwidth for each node of last depth. The result demonstrates the precise severity diagnosis of fault at depth 9 which is more appropriate especially for low load condition. This level, not only can tackle with disturbances which manifest on the depth 8 due to its large interval, but also is not faced with aliasing of depth10. (1-2s) 
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